We prospose a novel heterostructure system consisting of compounds with chemical formula A2Mo3O8 (A, B : Zn,Mg,Cd) that can host a two dimensional electron/hole gas (2DEG/2DHG). We study spontaneous polarization and piezoelectric properties of these compounds using first principles methods and Berry phase approach. We show that these kind of heterostructures are very stable due to extreamly low interfacial strain. The formation of a 2DEG/2DHG has been investigated in case of Zn2Mo3O8/Mg2Mo3O8 and polarization discontinuity has been found to be driving mechanism. The sheet carrier densities and charge localization in these kind of heterostrcutures have been found to be of the same order of magnitude in other well known system that hosts 2DEG through similar mechanism, such as AlN/Al(Ga)N or ZnO/Zn(Mg)O. In addition to conventional applications of a 2DEG, these materials hold promise to exciting pioneering technolgy such as piezo-phototronics using solar radiation, as they are also capable of absorbing a significant fraction of it due to low optical gap of ∼ 2 eV.
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Transition metal oxides (TMOs) have stimulated a large amount of theoretical and experimental research over the last few decades. These oxides simultaneously possess spin, charge and orbital degrees of freedom originating from their strongly-correlated open d-shell electrons. As a result, they exhibit a variety of interesting properties such as Mott insulators, various charge, spin and orbital orderings, metal-insulator transitions, multiferroics and even superconductivity [1, 2] . The interfaces in TMOs can offer even more versatile and unique emergent many-body phenomenon. This is primarily due to broken spatial inversion symmetry and enhanced electron correlation in two dimensions [3] [4] [5] . In the past, experimental studies of TMO interfaces were hindered by difficulties in growing defect-free single crystal of these materials as well as fabricating clean interfaces at atomic scale. Recent advances in the angstrom-scale layer-by-layer synthesis of multi-element compounds and improved expertise in molecular beam epitaxy, metal-organic vapor deposition techniques has enabled the exploration of a wide variety of TMO interfaces [4, 6] .
Two dimensional electron gas (2DEG) formation at TMO interfaces is an interesting phenomenon that can serve as a testbed for understanding electron correlations in low dimensions [7] . Moreover, this phenomenon has promising technological implications. Owing to it's unique transport properties, 2DEGs can be used in power electronics, high mobility electron transistor (HEMT), spintronics, optoelectronics and other future nano-electronics devices [4, 5] . There are three general mechanisms that can create a two dimensional electron gas at oxide interfaces. The first one involves a wideband-gap/narrow-band-gap heterostructure and modulation doping [8, 9] . AlGaAs/GaAs interface is an example of this mechanism. The second one is driven by the polar catastrophe, which originates from the divergence of electric potential. This mechanism can be observed for example at the LaAlO 3 /SrTiO 3 interfaces [10] [11] [12] [13] [14] . The third mechanism originates as a result of polarization discontinuity at the interface of two materials having different spontaneous (or strain induced) polarization. The two most studied examples of this mechanism are at the Al 1−x Ga x N/GaN and the Zn 1−x Mg x O/ZnO interface. In this case uncompensated bound charge at the interface creates an internal electric field which confines any free carrier close to the interface resulting in a 2DEG [15] [16] [17] .
In this work we propose a new heterostructure system of TMOs where a polarization discontinuity driven 2DEG can be formed at the interface. (CMO) . We find that by changing the divalent cation we can significantly change the piezoelectric properties as well as spontaneous polarization of these materials. We show that a heterostructure which consists of two of these compounds can form a 2DEG at there interface due to polarization discontinuity. We also show that the interfacial strain due to lattice mismatch in this materials are extremely small, so one can expect to make a very clean interfaces. We use first-principles calculations based on density functional theory (DFT) to calculate the piezoelectric constants and spontaneous polarization of these materials as well as explore the formation of of a 2DEG or two dimensional hole gas (2DHG) when they form a heterostructure. We calculate the interfacial charge density and the electric fields in the heterostructure and show that they are consistent with the polarization discontinuity hypothesis. We find that the sheet carrier density in these heterostructure systems to be similar to the [19, 20] as a potential photoabsorber. The optical gaps of these materials (∼ 2.0 eV) are suitable for absorbing significant fraction of solar radiation. In principle, one may be able to combine the piezoelectric properties of these materials with their photo-electrochemical properties making them a potential choice for exotic opto-electronics applications such as piezo-phototronics [21] using solar radiation.
A 2 Mo 3 O 8 compounds crystallize in a hexagonal unit cell with space group P6 3 mc [18] . As this space group does not have inversion symmetry, these materials can have a non-zero spontaneous polarization. Fig. 1(a, b) shows the crystal structure of these materials from two different directions. The crystal structure of these materials consists of alternate layers of divalent cation (A) and Mo. A occupies both tetrahedral (A tetra ) and octahedral (A octa ) sites whereas Mo occupies only octahedral sites. The O atoms form layers between each A and Mo layers in a distorted hexagonal closed pack structure. The stacking of O atoms in [0001] direction is in abac sequence. These materials have been also categorized as metal oxide cluster compounds as the three nearest inplane Mo atoms form a strong bonds between them and make a cluster. The existence of this strong bonds is manifested as a smaller Mo-Mo distance (∼ 2.53Å) than Molybdenum metal (∼ 2.7Å).
We use the first-principles plane-wave pseudopotential method as implemented is Quantum Espresso package [22] to calculate the properties of these materials and their heterostructures. We have used the recently developed Optimized Norm-Conserving Vanderbilt (ONCV) pseudopotentials [23] and the local density approximation (LDA) [24] for exchange-correlation potential in all our calculations. The wavefunctions in these calculations is expanded in terms of plane-waves of energy upto 100 Ry. We chose 4×4×2 k-grid for sampling the Brillouin zone in case of unit cell with 26 atoms. To obtain the equilibrium lattice constants as well as structural parameters we use DFT to compute the Hellmann-Feynman forces on the atoms and pressure on the boundaries of the periodic cell. We find that the equilibrium structure when the forces on atoms are less than 0.01eV/Å and the pressure is less than 0.5kBar. We have used the Berry phase approach [25] [26] [27] [28] to study the spontaneous polarization as well as piezoelectric properties of A 2 Mo 3 O 8 compounds in this work (See supplementary materials for details).For the Berry phase calculation, we find that a 4×4×6 k-grid is sufficient to converge our results.
The lattice parameters obtained from our calculation is in good agreement with experimental results [18] (Table. S1). Both in-plane and out-of-plane lattice parameters follow a similar trend, MMO<ZMO<CMO. Furthermore, the in-plane lattice parameters for ZMO and MMO are very close. This suggests that an epitaxial het- erostructure of ZMO/MMO will have negligible strain due to lattice mismatch (0.1%). The lattice mismatch between ZMO-CMO or MMO-CMO while not as small as ZMO-MMO, is still quite low (∼1%) suggesting low epitaxial strains for these heterostructures as well.
In Fig. 1 (c) we show the orbital-resolved density of states (DOS) for A 2 Mo 3 O 8 compounds. It shows that both valence and conduction band edges of these materials are formed as a result of hybridization between Mo(4d) and O(2s,2p) states. It has been shown in the literature [20] that in case of ZMO, by hybridizing Mo(4d) and O(2s,2p) states one can construct the bands near valence and conduction band edge. Fig. 1(c) shows that in all these compounds, the A 2+ cation does not contribute significantly to the states near the Fermi level. Moreover experimental observations also suggest that the photo-electrochemical properties of these materials are very similar [19] . Our results of orbital-resolved DOS are consistent with experimental observations. The bandgap of A 2 Mo 3 O 8 compounds have also been found to be very similar (Table. S1 ). Table. I. The rest of the piezo- [17] . We fix the in-plane lattice parameter to the A 2 Mo 3 O 8 equilibrium value. We used a 4×4×1 k-grid for calculation of all the heterostructure properties. All other computational details are the same as those for the bulk calculations. The macroscopic average electrostatic potential [31] (V (z)), the average electric field inside the materials (Ē(z) = − ∂V (z) ∂z ) and the average charge (ρ(z) = − 0∂ 2V (z) ∂z 2 ) [17] were computed from the total electrostatic potential of the supercell. In Fig. 2 we show the calculated macroscopic averaged total charge density ρ(z) and electrostatic potential profile V (z) along the [0001] direction obtained directly from ZMO/MMO heterostructure calculation. The procedure of macroscopic averaging is to wash out unwanted periodic oscillations [31] coming from lattice periodicities of each constituent materials. The macroscopic averaged electrostatic potential shows the linear behaviour in the bulk of the material, indicating constant electric field. From the slope of V (z) in the linear region, we calculate the electric field inside the material (Table. S2) . Moreover, the total charge density ρ(z), shows charges only close to the interface but not in the bulk regions. The surface charge densities at heterostructure interface have been calculated by integrating ρ(z) ( Table. S2) .
We then proceed to validate our polarization discontinuity hypothesis, by calculating the electric field and surface charges from electrostatic model. The charges at the heterostructure interface and the field inside the material can be computed from polarization discontinuity hypothesis using the electrostatic boundary conditions [17] . Consider a heterostructure with two materials of length l 1 and l 2 having dielectric constants 1 and 2 and zero field polarization P 0 1 and P 0 2 , respectively. Using periodic boundary condition, which ensures the net potential difference across the supercell is zero, the bound charges at the interface, σ, and the field inside the bulk of the materials, E 1 and E 2 , are given as [17] ,
where,
We calculate the electronic dielectric constant by applying a small static homogeneous electric field (0.3 × 10 9 V /m) along [0001] direction and studying the response of the system using modern theory of polarization [32, 33] (Table. S2 ). The polarization discontinuity (∆P ) is sum of piezoelectric (δP ) contribution developed in the MMO layer due to lattice mismatch strain and the spontaneous polarization (P eq ) difference between ZMO and MMO. As the in-plane lattice parameters of ZMO and MMO are very close and the e 31 value of MMO is quite small (−0.12C/m 2 ), the piezoelectric effect is negligible. Using Eq. 1, we find the surface charge density to be 0.403 × 10 13 cm −2 which agrees perfectly with the value we find from heterostructure calculation earlier. Moreover, we find the electric fields inside each slab (E ZM O = −0.364 × 10 9 V /m, E M M O = −0.364 × 10 9 V /m ) are also in very good agreement. See supplementary material for these comparisons (Table. S2 ).
The agreement between results obtained from heterostructure calculation and from Eq. 1 which is derived assuming polarization discontinuity hypothesis proves that the surface charge density in this heterostructure is indeed due to polarization discontinuity at the interface. The electric field created by these bound surface charges bring any free carriers created inside the bulk of the material to the interface making a 2DEG (or 2DHG).
It is important to note that in a real material the formation of 2DEG (or 2DHG) in some cases may be hindered by formation of defects such as Oxygen vacancies [34] . In Fig. 3(a) we show the layer-resolved Mo(4d) DOS.
We have also performed the same calculation with increasing the thickness of both ZMO as well MMO layers (Fig. S3) . We choose Mo(4d) states because both the valence and conduction band edge of all A 2 Mo 3 O 8 compounds are mostly of Mo(4d) character ( Fig. 1(c) ). The layer-resolved Mo (4d) DOS clearly shows the shift in the valence and conduction bands due to the in-built electrostatic field inside the heterostructure as we go along [0001] direction. From Fig. 3 (a) (also from layer dependent band structure in Fig. S2 ) it is evident that conduction and valence band edge of the heterostructure is composed of states localized near one of the two interfaces in the heterostructure. It should be noted that the linear nature of the potential inside the bulk region is the consequence of the absence of free carriers in our calculation. In real materials free carriers will screen the bound surface charges at the interface. As a results one will not see a linear region inside the material as in Fig. 2 . Instead the potential will saturate as one goes away from the interface [17] such that the field far from the interface becomes zero. Nevertheless, free carriers will be localized at the interface by the electric field of polarization induced bound charges. In principle, free carriers in real materials can be generated both spontaneously or as a result of modulation doping. In GaAs/Al(Ga)As het- erostructure, the free carriers are provided by the modulation doping. In case of GaN/Al(Ga)N heterostructure it has been observed that donor states at the surface can provide free carriers in the system [15] . The origin of free carriers, while interesting, is outside the scope of the present study.
To study the localization of the 2DEG (or 2DHG) in the ZMO/MMO heterostructure, we simulate the addition of free carriers in the system by moving the Fermi level upwards into the conduction band (n-doping) or downwards into the valence band (p-doping). We move the Fermi level of the system such that we add (remove) 0.003 e to (from) the heterostructure supercell. This corresponds to a surface charge density of ∼ 1 × 10 12 cm −2 . In Fig. 3(b) we plot n,k |ψ n,k (z)| 2 where ψ n,k s are the occupied (emptied) states as a result of doping. Blue and red lines have been used to show the electron density in case of n-doping and hole density is case of p-doping respectively. As one can see from Fig. 3(b) , both the 2DEG as well as 2DHG is well localized to within < 10Å from the interface. The strong localization at the interface is a consequence of the fact that the excess carriers due to doping occupy interfacial Mo(4d) states which are localized in the [0001] direction.
In Table. II we list the surface charge densities for different possible A 2 Mo 3 O 8 /B 2 Mo 3 O 8 interface. The values are calculated using Eq. 1, as we expect polarization discontinuity driven 2DEG (or 2DHG) to form in case of other heterostructure like ZMO/CMO and MMO/CMO as well. We can see the value of surface charge density is highest for MMO/CMO interface due to largest polarization discontinuity. These values are comparable to other well known heterostructure systems that has been found to host 2DEG such as GaN/Al(Ga)N or ZnO/Zn(Mg)O [15, 16] , in which the surface charge densities were found to be of the order of 10 13 cm −2 . This suggests that the A 2 Mo 3 O 8 /B 2 Mo 3 O 8 interface can be a strong candidate for hosting 2DEG/2DHG in an all oxide system.
In this work we explore the possibility of 2DEG formation in a novel heterostructure system. The materials forming these heterostructure has the chemical formula A 2 Mo 3 O 8 where A can be Zn, Mg or Cd. All these materials have been synthesized before and found to be very stable. We calculate the piezoelectric properties of these materials by applying an external strain and studying the response of the system. We also compute the value of spontaneous polarization of these materials using Berry phase method. We then proceed with DFT calculation of slab based heterostructure system consists of ZMO and MMO. We show that there are localized surface charges at the interface and electrostatic field inside the material. We show that these bound charges are due to polarization discontinuity at the interface. We show excellent agreement of surface charge density and electric field values between heterostructure calculation and polarization discontinuity model. We then simulate doping of the system by moving the fermi level of the system and show that the additional charges are localized within < 10Å from the interface. We also report the values of surface charge densities for other possible heterostructure system of these materials such as ZMO/CMO or MMO/CMO. We show that the surface charge densities in these systems are comparable to other well known heterostructure system that forms 2DEG, such as AlN/Al(Ga)N or ZnO/Zn(Mg)O. Supporting Information for the Manuscript Titled: "Polarization discontinuity driven two dimensional electron gas at A The Berry phase approach allows one to calculate the difference in polarization between two states of a system, provided they can be connected through an adiabatic transformation which keeps the system insulating throughout the process [1] . The difference in electronic polarization ∆P e between two systems can then be calculated from the geometric quantum phase as [1, 2] :
where the domain of integration is the reciprocal-lattice unit cell and λ is a parameter which is changed continuously to transform a structure labeled by λ 1 adiabatically to one that is labeled by λ 2 . The geometric phase, φ (λ) can be computed from the occupied Bloch states of the crystal (u (λ) n (k)) using,
It is important to note that the geometric quantum phase is only defined modulo 2π. As a result the polarization is also only defined modulo
eR Ω , where R is the real-space lattice vector in the direction of polarization. The total macroscopic polarization (P) of a solid is the sum of spontaneous polarization (P eq ) of its equilibrium structure and piezoelectric polarization (δP) induced as a result of any applied strain ( ). Within the Berry phase approach, the spontaneous polarization is calculated with respect to a structure that has zero polarization and is an insulator. In case of materials with wurtzite crystal structure, the zinc blend structure of the same material is a natural choice. The difference in polarization obtained using this reference structure has been found to be in very good agreement with the experimental values [2, 3] . However, for the materials that we are studying, no known inversion symmetric structure exists. As a result, we use a hypothetical crystal structure, obtained by moving the atoms of the original structure to restore inversion symmetry as a reference. We note that we are assuming that one can relate the two structures via a gap preserving adiabatic transformation just like in case of previous studies [2, 3] .
The piezoelectric polarization (δP) within linear response (using Voigt notation) can be written [4] as,
where is e ij is the piezoelectric tensor. As the A 2 Mo 3 O 8 materials have a hexagonal crystal structure and we are only interested in polarization along [0001] direction (P eq = P eqẑ ), there are only two independent components of piezoelectric tensor, e 33 and e 31 [2] . We are not considering any shear strain here, so e 51 = 0. Piezoelectric polarization in this case can be written as,
where 3 = (c − c 0 )/c is the strain along c-axis and 1 = 2 = (a − a 0 )/a is the in-plane strain. The equilibrium lattice parameters of the systems are a 0 and c 0 along the in-plane and c-axis respectively. Using a Taylor expansion one can also write the δP 3 as,
It is important to note that we do not consider internal structural parameters as independent variables in the above equation. This is because in our calculations, we calculate the polarization of the relaxed structure with the constrained lattice parameters [3, 5] . Using the above equations, one can compute the piezoelectric constants as, In practice, we apply a small strain (±1%) along c-axis (to calculate e 33 ) or in xy-plane (to calculate e 31 ) and calculate the polarization of the relaxed structure at the strained lattice parameters. In the small strain limit, the polarization is linear with respect to the strain. The piezoelectric constants can thus be simply calculated from the slope of the polarization vs strain curve. 
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